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Conspectus

The ability of hydrophilic chain segments in polymer networks to strongly interact with water allows
the volumetric expansion of the material and formation of a hydrogel. When polymer chain
segments undergo reversible hydration depending on environmental conditions, smart hydrogels
can be realized, which are able to shrink/swell and thus alter their volume on demand. In contrast,
implementing the capacity of hydrogels to switch their shape rather than volume demands more
sophisticated chemical approaches and structural concepts.

In this article, the principles of hydrogel network design, incorporation of molecular switches, and
hydrogel microstructures are summarized that enable a spatially directed actuation of hydrogels
by a shape-memory effect (SME) without major volume alteration. The SME involves an elastic
deformation (programming) of samples, which are temporarily fixed by reversible covalent or
physical crosslinks resulting in a temporary shape. The material can reverse to the original shape
when these molecular switches are affected by application of a suitable stimulus. Hydrophobic
shape-memory polymers (SMPs), which are established with complex functions including multiple
or reversible shape-switching, may provide inspiration for the molecular architecture of shape-
memory hydrogels (SMHs), but cannot be identically copied in the world of hydrophilic soft

materials. For instance, fixation of the temporary shape requires crosslinks to be formed also in



an aqueous environment, which may not be realized e.g. by crystalline domains from the
hydrophilic main chains as these may dissolve in presence of water. Accordingly, dual-shape
hydrogels have evolved, where e.g. hydrophobic crystallizable side chains have been linked into
hydrophilic polymer networks to act as temperature-sensitive temporary crosslinks. By
incorporating a second type of such side chains, triple-shape hydrogels can be realized.
Considering the typically given light permeability of hydrogels and the fully hydrated state with
easy permeation by small molecules, other types of stimuli like light, pH or ions can be employed
that may not be easily used in hydrophobic SMP. In some cases, those molecular switches can
respond to more than one stimulus, thus increasing the number of opportunities to induce
actuation of these synthetic hydrogels. Beyond this, biopolymer-based hydrogels can be equipped
with a shape switching function when facilitating, e.g. triple helix formation in proteins or ionic
interactions in polysaccharides. Eventually, microstructured SMHs such as hybrid or porous
structures can combine the shape-switching function with an improved performance by helping to
overcome frequent shortcomings of hydrogels such as low mechanical strength or volume change
upon temporary crosslink cleavage. Specifically, shape switching without major volume alteration
is possible in porous SMH by decoupling small volume changes of pore walls on the microscale
and the macroscopic sample size. Furthermore, oligomeric rather than short aliphatic side chains
as molecular switches allow stabilizing the sample volumes. Based on those structural principles
and switching functionalities, SMHs have already entered into applications as soft actuators and
are considered, e.g. for cell manipulation in biomedicine. In the context of those applications,
switching kinetics, switching forces, and reversibility of switching are aspects to be further

explored.




1. Introduction

The capability of a material system to substantially modify its properties upon exposure to altered
environmental conditions, i.e. stimuli-sensitivity, is fascinating in terms of both the fundamental
principles as well as the applications being enabled. For hydrogels as hydrophilic polymer
networks expanded throughout their volume by water, the implementation of stimuli-sensitivity can
lead to soft materials that exhibit distinct functions in an aqueous environment e.g. to be used for
sensors, processors, actuators, or for compound release.’

So far, smart hydrogels that undergo sol-gel transition and swelling-shrinking behavior have found
broad attention. In physically crosslinked hydrogels, netpoint formation or cleavage is typically the
basis for sol-gel transitions.? For covalently crosslinked hydrogels, swelling-shrinking transitions
have been induced by changes in temperature, pH or ion concentration depending on the
molecular structure of the hydrogel (functional groups, polarity, hydrophilicity, charge).> For
example, temperature dependence of the hydrogen bonding between water and a polymer with a
lower critical solution temperature (LCST) can result in coil to globule transitions, which translate
in macroscopic shrinkage upon heating. The inverse behavior, isotropic volume expansion upon
heating, can apply for hydrogels with an upper critical solution temperature (UCST).*

In contrast to those systems, this Account will focus on the evolution of sophisticated chemical
approaches and structural principles that enable a spatially directed movement of shape-memory
hydrogels (SMHs) without major alteration of sample volume, which conceptually and
mechanistically differ from the above mentioned approaches. As realized predominantly for
hydrophobic polymers, the shape-memory effect (SME) allows materials to re-adapt a distinct
previous shape in response to an external stimulus,® which is possible for macroscopic as well as
for microscopic matrices.®

Transferring these concepts to SMHs is associated with a number of challenges: In hydrogels, the
hydrophilic chain segments connecting the covalent netpoints are in a less coiled, extended state
compared to hydrophobic, non-swollen materials, which limits possible deformation for
programming SMHs to their temporary shape. The fixation of the temporary shape requires
structural elements capable of temporary crosslink formation also in a water-rich environment.
Furthermore, temporary crosslink formation and cleavage may lead to changes of the hydrogel
properties, such as mechanical strength and, importantly, swellability, which could interfere with
the macroscopic effect aimed at. Based on the principles of the SME in hydrophobic polymers, it
will be critically analyzed in the following, to which extent the challenges of SMHs have been

addressed so far and which future applications may arise.



2. Shape-memory polymers: Switching function enabled by polymer architecture and
programming processes

In order to realize a SME in polymers, mandatory requirements are (i) an elastic polymer network
structure with netpoints defining the material’s permanent shape (chemical netpoints or physical
netpoints like crystallites, complexes etc.), (ii) a programming process for elastic deformation of
the material, and (iii) molecular switches that provide additional temporary crosslinks to reversibly
fix the network in a non-entropic conformation. By application of a stimulus affecting the molecular
switches, the polymer chains will regain their full mobility resulting in a directed macroscopic
movement. The ability to fix the deformation strain in the temporary shape and to regain the original

shape can be quantified by the shape fixity ratio (Rr) and shape recovery ratio (R:), respectively.’
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Fig. 1: lllustration of one-way effects for (a) dual- and (b) triple-shape materials.

The shape switching as a one-way effect, named dual-shape effect, from a temporary shape B to
a permanent shape A can be designed with numerous individual molecular components for
permanent netpoints and temporary crosslinks. For a thermally-induced SME in polymers,
domains with a thermal transition temperature Tians, €.9. @ glass transition temperature (Tg), a
melting temperature (T), or a liquid-crystalline phase transition can serve as molecular switches.?
Here, the programming process typically involves material deformation above the respective Tirans
to the desired temporary shape (Fig. 1a). This shape is fixed by cooling below Tians, followed by

removal of the programming force applied. In thermomechanical experiments, the switching



temperature (Tsw) can be determined during heating, which correlates to the Tians Of the switching
domains. Tsw can be tailored for a specific application using e.g. copolymers, different chain lengths
of the switching segment or the aid of water-induced plasticization.®

Triple- or multi-shape polymers can be created when different types of temporary crosslinks (e.g.
crystalline domains from different types of chain segments) can be formed and recalled separately
(Fig. 1b).2"0 Examples include copolymer networks with switching domains provided from
poly(e-caprolactone) (PCL) and poly(ethylene glycol) (PEG) or from PCL and poly(cyclohexyl
methacrylate).! Materials with broad thermal transitions like perfluorosulphonic acid ionomer
allow dual-, triple-, or quadruple-shape effects without changes in the material composition.'°

a)

Fig. 2: Fully reversible bidirectional SME of free-standing hydrophobic polymer samples. a)
Schematic illustration of the programming to define the shape shifting domains and of the
reversible movement by CIE/MIC. b) Macroscopic demonstration of shape shifting. Reproduced
with permission from ref. '2. Copyright 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

In contrast to one-way effects, multiple reversible actuations without intermediate programming
require realizing a two-way shape switching. This was first demonstrated under continuous load
for crosslinked poly(cyclooctene) networks using crystallization-induced elongation (CIE) and
melting-induced contraction (MIC)."® More recently, the bidirectional SME of freestanding samples
was enabled by separating crystallite populations (covering a broad T-range) during programming
in actuator and shifting-geometry determining domains, thus providing an internal structure to direct
CIE/MIC for full reversibility of shape shifting e.g. in PCL based networks (Fig. 2).1214

Heat as the most extensively employed stimulus can also be applied indirectly. For example,
incorporation of magnetic nanoparticles (Fe2O3 or Fez0s) in SMPs allows inductive heating in an
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alternating magnetic field.'® Similarly, Joule heating in an electric field supported by a heat transfer
to the switching phase by incorporated carbon nanotubes,’® photothermal heating based on
near-infrared light absorption e.g. of gold nanorods, or application of high-intensity focused
ultrasound are further strategies for non-contact thermal stimulation. Molecular switches can also
base on reversible chemical reactions such as 2+2 cycloaddition reactions of cinnamic or
cinnamylidene acetic acid moieties upon irradiation (A > 260 nm), the newly formed bonds can be
cleaved again by homolysis at A < 260 nm." In case of temperature-sensitive SMPs with
hydrophilic chain segments, exposure to water can activate the switching of those materials by
water-induced plasticization or solvation of switching domains as shown e.g. for poly(vinyl alcohol)
(PVA) networks swelling in water.'® As automatic switching in presence of water is not always
compatible with the goal of creating SMH, alternative network architectures need to be applied as

discussed below.

3. Shape-memory effect in hydrogels

3.1 Differentiation between swelling induced movements and SME

Directed movements in hydrogels can be obtained by anisotropic swelling, e.g. by a gradient
polymer network structure or by multimaterial approaches with a combination of hydrogel layers
of different swellability. Poly(N-isopropylacrylamide) (PNIPAm) network films fabricated by
photolithography exhibited a LCST with sol-gel/gel-sol transition, at which small-scale modulation
in swelling induced a reversible internal mechanical stress and reversible movement.”® A
macroscopic shape transformation from a planar sheet into a helical shape could also be shown
for a periodic assembly of stripes of different PNIPAm compositions upon changes of the ionic
strength or pH of the medium.?° Loading of PNIPAm based hydrogels with gold nanoparticles
allowed to induce the shape transformation by surface plasmon resonance absorption of the
particles and photothermally-induced indirect heating.?' Furthermore, self-assembly was utilized
to direct swelling-induced movements in DNA-based hydrogels. Cytosine-rich amino acid
sequences created an i-motif structure by self-assembly at low pH, which dissociated at pH 8 into
a random coil formation undergoing a shape transformation into a “quasi-liquid” state.??

A key difference between such swelling-induced movements and the SME is the capability of
SMHs to fix a temporary shape that can be created from the same sample by elongation,
compression, or folding as desired. Control over the direction of movement is given by the reversal

of the applied programming deformation once the SMH is actuated.



3.2 SME of synthetic hydrogels: network architectures and concepts for temporary crosslinks

Molecular switches enabling fixation of the temporary shape are typically for SMH not integrated
in the main-chain segments of the polymer network, but are pending moieties such as short
crystallizable side chains, oligomeric crystallizable side chains, groups for host-guest interactions
or complex-forming groups.

The capability of a temperature-induced SME in hydrogels was first demonstrated in poly(acrylic
acid)-based networks with short stearyl side chains,?® in which the hydrophilic main chain
segments provided the ability to swell in water, while the dangling stearyl units adopted a
crystalline aggregate structure below Tians (physical crosslinks). Upon heating above Tians, the
domains from stearyl units became amorphous causing the recovery of the permanent shape and,
at the same time, might allow further swelling. Similarly, SMHs could also be realized with further
short aliphatic crystallizable side chains e.g. 12-acryloyldodecanoic acid and
16-acryloylhexadecanoic acid.?4#2?% In contrast to these hydrogels, SMHs with oligomeric side
chains like oligo(w-pentadecalactone) (OPDL) or oligo(tetrahydrofurane) (OTHF) featured an
almost temperature independent swelling behavior, which was enabled by the persistent phase
segregation of such oligomeric chains into hydrophobic domains even above their Tians. Moreover,
in contrast to the short aliphatic switching segments, the oligomeric switching segments were
capable of entanglements. The domains formed by the oligomeric side chains were crystalline in
the swollen polymer network and showed an isotropic X-ray scattering in the permanent and an
anisotropic orientation of crystallites in the elongated temporary shape.?82” If crystallizable units
as molecular switches should not be coupled to the network structure, they may be physically
incorporated leading to double network architectures. In a chemically cross-linked poly(ethylene
glycol) hydrogel, interpenetrating poly(vinyl alcohol) (PVA) chains could form crystalline domains
created by freezing/thawing cycles to stabilize the temporary shape.?®

Hydrogels display a condition that allows rapid diffusion of small molecules that may serve as
triggers for the SME. When e.g. hydrogen bonding?®, dipole-dipole interactions *° or ion
complexation are used to fix a temporary shape as an alternative to crystallizable domains, these
molecular switches could be cleaved by complexing agents, changes of pH or redox reactions.
For instance, carboxylic acid containing SMHs enabled the fixation of a temporary shape in the
presence of Ca?* solution, with shape recovery after addition of a complexing agent by dissociation
of the Ca?*-carboxyl complexes.?' Dissociation of ionic complexes also occurred by decreasing
the pH as shown for hydrogels based on imidazole-zinc complexes.®? Besides external addition of
acid, incorporation of a photoacid generator (PAG) mediating proton release upon UV irradiation??

or the treatment of the swelling medium with CO; resulting in its acidification may allow to induce
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removal of temporary crosslinks.®® Furthermore, sensitivity towards redox reactions could be
implemented in hydrogels providing selective host-guest interactions between cyclodextrin (CD)
and ferrocene in its reduced state acting as temporary crosslinks (Fig. 3).3* The recovery was

initiated by cerium ammonium nitrate (CAN) leading to the oxidation of the central metal ion.
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Fig. 3: Redox-sensitive dual-shape hydrogels. A) Mechanism of redox-sensitivity, B) Macroscopic
SME demonstration of programming step. Reproduced with permission from ref. 34, Copyright
2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

A response of a SMH to several stimuli may be achieved when either one type of temporary
crosslink is sensitive to different stimuli (alternative stimulation) or two types of temporary
crosslinks are incorporated in the polymer network structure that respond to independent stimuli
(multi-stimuli response). The first approach was realized in a system consisting of PVA and
boronic acid, where the formed boronate ester bonds acted as reversible crosslinks.3® These
physical crosslinks could be reversibly formed and cleaved by raising or lowering the pH either
directly or via a PAG. In addition, indirect heating by ultrasound treatment could initiate the shape
recovery (for further ultrasound-based concepts see section 3.4). The second approach was
realized in SMHs with temporary crosslinks based on ionic/complex binding as well as salt-
strengthened hydrophobic associations.3® The hydrogels were prepared by copolymerization of
acrylamide and acrylic acid with low amounts of a cationic alkyl side chain, which provided the
opportunity of physically crosslinking by salt-dependent hydrophobic association as well as
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complexation of carboxyl groups and ferric (lll) ions. Accordingly, switching could be induced by
dissociation of hydrophobic alkyl chains in the presence of water or by the reduction of Fe3®* to

Fe?* in the presence of ascorbic acid, respectively.
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Fig. 4: Triple-shape hydrogels with semi-crystalline side chains. a) Macroscopic demonstration of
the recovery process by heat as stimulus. b) Schematic presentation of the network architecture
including two types of semi-crystalline side chains (red and green) at different temperatures. c)
Chemical structure of the copolymer network.3” Reproduced with permission from ref. 37. Copyright
2016 American Chemical Society.

Triple-shape hydrogels (TSHs), which allow two steps of shape switching (compare Fig. 2), can
be realized by introducing two different types of crystallizable side chains in a hydrophilic network
structure. For example, a copolymer network consisting of oligo(ethylene glycol) (OEG)-
crosslinked N-vinyl pyrrolidone (NVP) main chains and side chains from OPDL and OCL or from
OPDL and OTHF could be recovered to the intermediate and permanent shape by subsequent
heating as each combination of side chains had separated thermal transitions of their crystalline
domains (Fig. 4).3” Another approach to design TSHs was realized in a swollen polymer network
based on poly[acrylonitrile-co-(2-methacryloyloxyethyl phosphorylcholine)].®® Here, the nitrile
groups formed dipole-dipole interactions in deionized water and, at a low concentration of zinc-
ions, CN-Zn-CN and CN-CN interactions. Both types of linkages act as temporary crosslinks and
dissociate at high zinc concentration, enabling a temperature-independent shape switching in soft
materials. A sensitivity of TSHs to further stimuli can be implemented e.g. when photo- and pH-
sensitive moieties are incorporated, leading to multi-stimuli responsive hydrogels. In acrylic acid-
derived copolymer networks containing host groups (CD) and guest groups (azophenyl
derivatives), temporary crosslinks could be formed by the host-guest interactions as well as
aggregation of dansyl groups, which are sensitive to light and pH, respectively, allowing complex

movements.3°

3.3 Biopolymers — natural organisation vs. tailorable netpoints

The natural organization of the biopolymer, which is very often sensitive to various kinds of stimuli,
can be used for the reversible formation of temporary crosslinks. However, the control of self-
organization phenomena is challenging. Therefore, such biopolymer-based SMHs require
designing a suitable polymer network architecture, in which the crosslink density plays an
important role as it influences swellability, mechanical strength, and SMH elasticity. Nevertheless,
the crosslink density should not be too high (steric hindrance of self-organization) and the strength
and amount of non-covalent interactions supporting the self-organization have to be considered.
Temporary crosslinks by hydrogen bonding or ionic interaction were the main concepts for the
implementation of the SME in biopolymer hydrogels such as from polysaccharides or

polypeptides. A thermally-induced SME in peptide-derived hydrogels with collagen-like transient
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nodes used hydrogen bondings for helix formation and fixation of the temporary shape upon
cooling (Fig.5 1).4° The recovery of the permanent shape was induced by heating and thus melting
of triple helices as a result of hydrogen bond cleavage. Furthermore, triple-helices were used for
the fixation of temporary shapes in gelatin-based interpenetrating double networks containing
graphene oxide.*' In this system, the shape recovery was induced by the absorption of near-
infrared irradiation by the graphene oxide and its subsequent conversion and dissipation of

thermal energy.
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consists of imidazolium-carboxylate pairs and intermolecular interactions between the alkyl chains
of the ionic liquid.*?> Adapted with permission from ref. 42

In addition to the concept of natural self-organization, also conventional molecular switches
ranging from thermo-sensitive hydrophobic interactions to pH-sensitive boronic esters were
exploited for biopolymer-based SMHs. As an example for polysaccharides, xanthan gum
incorporating an ionic liquid was able to switch shapes using thermo-sensitive regularly ordered
intermolecular interactions acting as temporary crosslinks (Fig. 5 I1).#2 The incorporation of
reversible PBA-catechol bonds into alginate hydrogels resulted in pH-sensitive SMHSs, in which
the egg-box-like ionic interactions between alginate and Ca?* acted as permanent netpoints.*® At
alkaline pH, PBA-catechol bonds were formed as temporary crosslinks, while the recovery was
induced at acidic pH by the dissociation of PBA-catechol bonds. Furthermore, these hydrogels
possessed a multi-stimuli responsiveness as the PBA-diol ester bonds could be reversibly cleaved
by sugars.*

The combination of the described concepts led to the design of biopolymer-based TSHs. Here, a
double network from crosslinked PAAm as well as PBA-grafted alginate-PVA allowed the
formation and dissociation of two different types and non-interfering temporary netpoints.*® In this
system, alginate-Ca?* interaction and PBA-diol ester bonds served as independent temporary

crosslinks.

3.4 Hydrogel microstructures - Increasing structural complexity for improved functionality

Hydrogels with shape-memory properties could exhibit swelling/deswelling when temporary
crosslinks are cleaved/formed. This change of material dimension could interfere with the directed
movement and limit the recovery performance and macroscopic effect. The provision of a
superstructure, e.g. by the integration of large interconnected pores created by leaching
techniques, crosslinking reactions in emulsions, or gas foaming can minimize the transfer of
volume change by swelling/deswelling on the microscale to the macroscale and in this way
improve material functionality. In addition, a superstructure on the microscale would also facilitate
diffusion processes of nutrients, ions, oxygen, and other molecules from the outside to the inside
of the material allowing a fast response to an applied stimulus. So far, directed movements in
porous hydrogels were realized by stimulation with heat, water, or combination of both.

SMHSs with crystallizable switching domains from OCL integrated as side chains in a hydrophilic
network architecture from NVP and OEG exhibited a porous micro-structure, which was introduced
by a salt-leaching technique. Here, the fixation and recovery were enabled by heat as stimulus

and Rr and R: >80% were observed.*¢ Another approach to obtain directed movements was
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reported for 3D architectured hydrogels consisting of gelatin.4’” These structured hydrogels
exhibited a water-induced SME by decreasing the Ty of the system when water is added. In this
example, a low water content of polymeric networks is needed to enable the fixation of a temporary
shape as temporary crosslinks would be dissolved by equilibrium swelling in water. These porous
hydrogels showed a remarkable switching function (Rrup to 85 + 5% and R: up to 95 + 5%). While
wet hydrogels recovered their shape after removal of external stress, the dry polymer networks
showed plastic deformation in compression tests and recovery of the initial shape upon exposure
to water (Figure 6). Porous hydrogels responding to different stimuli were synthesized by
dissolving PVA in a high speed mixer followed by freezing in liquid nitrogen.*® After lyophilization
and conditioning at 25 °C and 50% relative humidity, a dual-pore structure, a swelling state below
maximum swelling, and two thermal transitions (T4 and Tm) were observed. A temporary shape
could be fixed by compression at T > T4 and cooling to T < Ty, while shape recovery (R = 80%)
was initiated by heating at 50% relative humidity. The shape recovery performance could be
further improved combining the thermo-sensitivity for temporary shape fixation with a water-
induced shape recovery (Rr = 100%).

The structural complexity of porous hydrogels was further increased by implementing a well-
defined gradient pore structure as demonstrated for hydrogels obtained from N-
isopropylacrylamide (NIPAm), 4-hydroxybutyl acrylate, and a heterobifunctional crosslinker.*®
When the main chain forming components were precipitated and crosslinked, a gradient porous
morphology was achieved due to the gravitation induced distribution of the resulting chemical
netpoints. This gradient pore structure allowed a directed movement by anisotropic swelling in the
hydrogels. Furthermore, these 3D-structured hydrogels were able to retain a temporary shape
when they were heated and deformed above the LCST of PNIPAm, while the original shape was
recovered by water addition.

The implementation of porous structures furthermore allowed extending the stimuli towards using
ultrasound as a result of the increased complexity of the materials systems.>° Instead using
ultrasound as a tool for indirect heating, it was successfully applied for the mechanical disruption
of temporary crosslinks. Here, the networks consisted of rhodium(l)-phosphine coordination bonds
(Rh-PCBs) as well as covalent netpoints. Rh-PCBs were employed as mechanically sensitive
molecular switches capable to fix the temporary shape and control the shape recovery upon
ultrasound treatment. The porous structure was essential allowing the penetration of ultrasound
waves through the interconnected pores, which can induce the collapse of cavitation bubbles
inside the macropores and hence improve the efficiency of energy input from ultrasound to the

polymer. This example demonstrates how an increase of structural complexity could extend the
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current mechanisms for the SME as ultrasound could be used before in dry polymer networks only
as a source for indirect thermal actuation.

In contrast to porous systems, other approaches concentrated on the design of hybrid compounds
to further improve the material properties. Non-porous polymer hydrogels created from bi- or
multifunctional chemical crosslinker sometimes display weak mechanical properties with low
elongations at break and high brittleness. Therefore, further increase of structural complexity could
improve the mechanical strength of soft materials, when hydrogel hybrids were designed. For
instance, the strong interactions between carboxyl groups of poly[(acrylic acid)-co-(N,N-
dimethylacrylamide)] and TiO., particles acting as coordinative cross-linking agents in
nanocomposite hydrogels could increase the tensile strength 1.55 times (253 kPa) and the
compressive strength 3.1 times (12.7 MPa).5" In these hydrogels, a water-activated directed
movement was achieved when the temporary shape was fixed by drying and the original shape
was recovered by immersion in water. Besides hybrid systems combining hydrogels with
anorganic materials, polymer-polymer hybrid composites based on poly|[(rac-lactide)-co-glycolide]
(PLGA), coated with crosslinked PEGDA hydrogels were designed. After a programming in dry
state at 70 °C and cooling, these materials exhibited a water-induced SME by dissolution of PEG

crystals and were proposed as potential embolization plug.5?

Unloading Wet

Unloading

Compression

Fig. 6: SME of gelatin-based architectured hydrogels. The temporary shape is fixed by drying of
the swollen system (a-b) and the recovery process is induced by water (c-d). A fixation of a
14



temporary shape in the swollen state could be excluded (d-f).#” Reproduced with permission from
ref. 47. Copyright 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

4. Future applications from medicine to soft robotics

The development of SMHs can be a technology-push that adds new functionalities to hydrogel
materials in existing applications. For instance, the capacity of hydrogels to incorporate bioactive
molecules for controlled delivery,®® being of interest particularly for sensitive factors that demand
aqueous environment, can be expanded to a stimuli-sensitive anchoring of drug loaded devices
in body cavities e.g. after oral administration or after minimally invasive implantation in the
abdomen, urogenital, or vaginal tract. Spatially directed movements of SMHs at the macro- or
microscale may be used to seal containers after filling with sensitive compounds, i.e. using the
shape recovery ex vivo before implantation.> Furthermore, on a molecular level, switchable
network structures or morphologies of SMHs may allow rapid drug loading into the bulk phase
during the programming step, where temporary crosslinks are transitory removed. Accordingly,
enhanced release rates may also be induced along with crosslink cleavage for shape recovery as
well as subsequently in a step-wise fashion by repeated application of the stimulus until reservoir
exhaustion. In some cases, ions used as temporary crosslinks may have additional beneficial
biological effects when continuously released from SMHs.%

Innovation by SMHs can be expected also in the context cell manipulation, as cells are not only
responding to material softness but also to (repetitive) mechanical load or spatial position in a 3D
environment. A beneficial effect of functionalizing a PCL/PEG-based SMH with Arg-Gly-Asp
(RGD) peptide sequences was reported for enhanced cell adhesion and spreading.5®¢ SMH sheets
can protect pre-cultured cells during insertion by adapting a curled shape.” An ion-sensitive SMH
synthesized from acrylonitrile, AA, and N,N*-bis(acryloyl)cystamine crosslinker, which could switch
from a planar shape to a cube, illustrated effects of localization) on the spreading and
differentiation of human mesenchymal stem cells (hMSCs) to adipogenic or osteogenic cell
lineages, possibly due to effects of microgravity on cytoskeleton organisation (Figure 7).%8 In the
context of soft tissue engineering, porosity of hydrogels is essential to secure diffusion of oxygen,
nutrients, and cells enabling e.g. local angiogenesis.?>® Once combined with a shape switching that
locally alters the cell environment (e.g. altered pore shape), local stretching of cells*” or migration

to other biological compartments may be initialized.
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Fig. 7: Fluorescent micrographs of stained hMSCs, which were cultured on the a) top, b) side, and
c¢) bottom surface of d) a SMH cube.%8 Scale bar (a-c), 30 um. Reproduced with permission from
ref. %8. Copyright 2014 Macmillan Publishers Ltd: Scientific Reports.

Thinking about further technological fields for smart actuators, applications as artificial muscles,
soft robotics for delicate applications, or micro swimmers may be future goals (Figure 8). In
particular, hydrogels could be used in soft robotics, which describes engineered mobile machines,
created by soft materials. In contrast to conventional robots basing on tough components (e.g.,
steel) and enabling directed movements by electric motors, soft robots are suitable for applications
in natural environments, while preventing mechanical damage of their environment. In case of soft
robots from SMHs, the activation process can be realized by the SME providing applications as
pneumatic actuators, grippers, and microswimmers. Especially soft robots composed from hydro-
gels represent an upcoming class as their actuation is not limited to the stimuli potentially
applicable to nonswollen systems. Here, actuations can be realized that require diffusion
processes, that is, ion- or signaling molecule-mediated shape switches, as demonstrated for
SMHs being sensitive to ions, salts, glucose, changes in pH value, or redox potential. ¢ In order
to allow SMHs to enter into these fields, switching kinetics, created switching forces, and
reversibility of switching are aspects to be considered and further explored. Switching mechanisms
realized for hydrophobic SMPs or design concepts based on multiple materials as in case of an

SMP-coated artificial muscle®' may provide inspiration on this path.
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Fig. 8: Vision of future application of SMHs.

5. Conclusions

This article illustrated that some structural principles predominately employed in hydrophobic SMPs
to realize a shape-switch by the SME could also be transferred to hydrogels. Importantly, key
challenges such as preservation of sample volume upon switching could be addressed by
employing phase segregated oligomeric side chains as molecular switches or using hydrogels with
a porous internal structure. Beyond classical stimuli for SMP like heat, hydrogels enable the use of
further stimuli including pH, light, ions and other components that can diffuse in a water-rich polymer
network to interact with temporary crosslinks and induce dual- or triple-shape effects. Even higher
levels of complexity are given for biopolymers and, eventually, hybrid/porous systems, where a
tailoring of formed structures is key to material function. It can be anticipated that the recent
advances such as the variety of stimuli to initiate the switching process will be transferred to more
complex systems in order to improve the functionality and to meet the intricate demands of future

applications from medicine to smart technical actuators including soft robotics.
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